respectively. With that, we estimated the atomic ratios of H/Co in these phases are 0.9, 1.6 and 2.2 with an uncertainty of ~±0.1. We note that the deviation from the actual value could be larger due to different matrix elements for SIMS studies between the sample and the reference.
To provide a comparison study, we also carried out the hydrogen forward scattering spectrometry (HFS) analysis (Figure S5d) , which is consistent nicely with the SIMS results. During the HFS measurement, the detector was placed 30° from the forward trajectory of the incident He ++ ion beam and a thin absorber foil was placed over the detector to filter out the forward scattered He ++ ions, whose energy was 2.275 MeV.
Figure S5. Extended chemical compositional analysis for all HSCO phases. (a)
Energy dispersive spectra (EDS) of three HSCO phases as well as the reference BM-SCO. According to the Gaussian fittings of experimental data, the H to Co concentration ratios were estimated as 0.7, 1.6 and 1.9 for HSCO-A, HSCO-B and HSCO-C, respectively. (e)
The XPS full scan indicates that only Sr, Co, O are detectable, which guarantees that no side production is created in the thin film during the ILG.
Supporting Information Note 2: Evidence of H-H dimer within protonated SrCoO 2.5
To obtain further atomic structural insights into the protonated phases, we have performed aberration-corrected scanning transmission electron microscopy (STEM) studies. The high-angle angular dark-field (HAADF) STEM images (Figure S6a-d 
Supporting Information Note 4: Spectral evidence of the H-H dimers
To further verify the presence of O-H bonds and H-H dimers within protonated phases, we also carried out infrared (IR) spectra measurements for BM-SCO, HSCO-A, HSCO-B, and HSCO-C. As shown in Figure S10 , except BM-SCO, all IR spectra exhibit absorption feature at ~3460-3500 cm -1 , which can be attributed to the characteristic stretching mode in O-H groups 5 . Considering the fact that in H 2 molecular, a close analog to the H-H dimer in our systems, the symmetric vibration in stretching mode is IRinactive 6,7 , we introduced a partial deuterium (D) substitution by doping heavy water into the ionic liquid, which can then generate the required dipole moment change for the IR measurements with H-D groups, in which the mass difference between H and D atoms would introduce a displacement between the centers of the electronics and nuclear charges, then leading to the formation of dipole moment 8 , 9 . Clearly, the resulting H(D)SCO-B and H(D)SCO-C samples show the emergence of a unique absorption feature at frequency slightly lower than the O-H absorption peak, as compared with the undoped HSCO-C and such absorption is weaker in H(D)SCO-B than H(D)SCO-C, which is associated with the hydrogen content in these two phases. Indeed, the theoretical calculations predict that the H-D characteristic frequency in H(D)SCO-C is about ~67-134 cm -1 lower than that of the O-H absorption (Table S1 ). Furthermore, when more D 2 O is doped into the ionic liquid, the intensity of the H-D absorption can be greatly enhanced ( Figure S11) , which further verifies the existence of H-D dimers.
We note that the reported fingerprint vibration frequency for H-D is around ~3200 cm -1 in semiconductors 10, 11 , which is ~200 cm -1 lower than that observed in our current system. We speculate that the energy shift might be attributed to the different local chemical environments dominated by the neighbor ions 12 systems. It is also worth noting that a weak absorption at ~2180 cm -1 can also be observed in Figure S11 , which can be assigned as the stretch vibration of O-D group.
The infrared (IR) transmittance measurements were obtained with a Bruker 80v/S spectrometer. The measurements were performed in vacuum with background of ~120 Pa and the spectra were obtained in wavenumber ranging from 1500 to 6000 cm-1 at room temperature. To introduce deuterium substitutions, the H 2 O and D 2 O mixture (with the ratio of 1:1) was slowly added into the DEME-TFSI until the volume ratio reached 1:100.
After stirring for 30 minutes, the doped ionic liquid was baked under 120 °C for 48 hours to evaporate the extra H 2 O and D 2 O. heating may be highly reductive, which would damage consequently the thin film during heating.
